We report growth of the ZnO nanowires on graphene/SiO 2 /Si substrates using a chemical vapor deposition method. The length of nanowires varies from 1 m to 10 m with increasing the growth time from 30 min to 90 min. X-ray diffraction and high-resolution transmission electron microscopy investigations predict the high structural quality of the c-axis grown single crystalline ZnO nanowires. Temperature dependent photoluminescence spectra from the nanowires reveal excellent optical quality and excitonic behavior in the single crystalline ZnO nanowires. A well-resolved free exciton emission at 3.375 eV, indicates high crystalline quality nanowires and a strong PL peak at 3.370 eV is assigned to neutral-donor bound excitons (D 0 X).
INTRODUCTION
Two-dimensional graphene sheets are of particular interest because of their extraordinary electrical, thermal, and mechanical properties, including carrier mobility exceeding 10 4 cm 2 /Vs and a thermal conductivity of 10 3 W/mK. [1] [2] [3] [4] Graphene-based inorganic hybrid nanostructures including nanowires, nanobelts, nanosprings, nanorings, nanobows, and nanohelices offer additional functionality for realizing advanced nanoscale electronics and optoelectronics applications in photovoltaics, nanogenerators and field emission devices. 5 6 When incorporated into polymer or ceramic matrices, graphene can remarkably improve the properties of these host materials. [7] [8] [9] [10] Recently, several graphene/inorganic nanocomposites have been successfully synthesized that show desirable combinations of these properties not found in the individual components. [11] [12] [13] [14] [15] [16] Quasi-one-dimensional zinc oxide (ZnO) semiconducting nanostructures that have extremely large surface-to-volume ratios are considered to be important multifunctional building blocks for fabricating various nanodevices. 17 18 Owing to their unique electronic and optical properties, ZnO nanostructures have been successfully applied in field effect transistors, light-emitting diodes, laser diodes, sensors and resonators. Semiconductor nanostructures grown on graphene sheets enable * Author to whom correspondence should be addressed. their novel physical properties to be exploited in diverse sophisticated device applications. This paper reports the growth of highly crystalline, high optical quality ZnO nanowires on graphene substrates by chemical vapor deposition (CVD). X-ray diffraction (XRD) results reveal the excellent structural quality of the nanowires. Temperature dependent photoluminescence (PL) spectra of the nanowires reveal excellent optical quality and excitonic behavior in the c-axis grown crystalline nanowires.
EXPERIMENTAL PROCEDURES

Fabrication Process of Graphene
Large-scale graphene sheets were synthesized by a CVD method. 5 19 20 First, copper (Cu) foil was placed in a thermal CVD chamber and the temperature was increased from room temperature to 1000 C for 250 minutes under a hydrogen (H 2 gas flow rate at 10 standard cubic centimeters per minute (sccm). Then, the gas mixing ratio of methane (CH 4 to H 2 was 5/10 sccm for synthesis of graphene sheets over a growth time of 30 minutes. After growth was completed, the CH 4 gas supply was terminated and the chamber was cooled down to 500 C at a cooling rate of 160 C min −1 with a H 2 gas flow rate of 10 sccm. Further, graphene sheets were separated from the Cu foil using a Cu etchant. Separated floating graphene sheets were then transferred to 300 nm thick silicon dioxide (SiO 2 deposited on silicon (Si) substrate using the fishing method. 19 The transferred graphene sheets were used as platforms for ZnO nanowire growth.
Synthesis of ZnO Nanowires
ZnO nanowires were grown by thermal CVD by vaporizing the mixed ZnO and graphite (1:1) powder. A gold (Au) layer with a thickness of 2 nm was coated onto the graphene/SiO 2 /Si substrates as a catalyst to grow ZnO nanowires by thermal evaporation. The source powder and Au-coated substrates were placed in a ceramic boat and were then loaded in the center of the tube. The ZnO nanowires were synthesized at a temperature of 950 C for 20 minutes under an argon gas flow rate (50 sccm).
Characterization
The morphology and structural properties of as-grown ZnO nanowires were examined using field-emission scanning electron microscopy (FE-SEM), high-resolution transmission electron microscopy (HRTEM) and XRD with CuK radiation. Optical properties were investigated by PL measurements using a 325 nm He-Cd laser as an excitation source. The low density is likely responsible for the poor orientation. After the transition layer is formed on the substrate, perpendicular nanowire growth dominates the process. ZnO nanowires grow with high growth rate in the direction of the c-axis, as this is the direction of the lowest surface energy. Therefore, nanowires that nucleate with the c-axis perpendicular to the substrate surface can eventually grow into long nanowires, while other nucleation sites along the substrate surface having an inclined angle will stop growing when c-axis nanowires grow long enough. Consequently, only c-axis single crystalline nanowires dominate ZnO nanowires growth. This phenomenon causes the nanowire density to be less than the nucleation density. The lengths of the nanowires increased with increasing growth time up to 90 minutes, as shown in Figure 1 (c and d). Nanowires were grown through the vapor-liquid-solid (VLS) process. In the VLS growth mechanism, nanometer sized catalyst provides a seed for the nanowire growth, and nanowires grow with a constant diameter throughout the reaction. 21 In our experiment, however, nanowires showed a reduction in diameter toward the tip as the growth proceeded, as shown in Figure 2(a) . This is due to the decreasing amount of reacting species supplied to reacting system during longer growth times. 22 The aspect ratio (length/diameter) of the nanowires is about 83; due to this large aspect ratio and small thickness, the flexibility and toughness of the nanowires are extremely high. 23 Therefore, the resulting nanowires can bend or twist without fracture in a belt-shaped sample, as shown in Figure 2(b) .
RESULTS AND DISCUSSION
XRD patterns in Figure 2 (c) reveal the structural quality of the ZnO nanowires grown on the graphene/SiO 2 /Si substrate. The diffraction peaks at 34.42 and 69.14 correspond to the hexagonal (002) and (004) ZnO phases, indicating that all nanowires were grown in the c-axis. The very weak signatures of the (100) and (101) planes were due to weak growth in these planes as these have lower surface energies than the perpendicular (002) plane. We could not detect a graphene peak in the XRD pattern. This might be due to the very small thickness of graphene sheets, which is well below the detection limit of the XRD instrument.
The c-axis growth of single crystalline nanowires was also confirmed by HRTEM as shown in Figure 3 and homogeneous broadening in the spectra with increasing measurement temperature. This is as expected, since the band-gap is reduced with increasing temperature and broadening occurs due to the phonon effect. A strong PL peak at 3.370 eV is assigned to the neutral-donor bound excitons (D 0 X). 24 The well-resolved higher energy shoulder at 3.375 eV, assigned to free excitonic (FX) emission, indicates highly crystalline nanowires.
Graphene affects the quality of ZnO nanowire growth. Inertness against oxygen and water vapor make graphene promising for high quality ZnO/graphene hetero-junction formation, where surface states or defects at the interface were minimized or avoided. The peaks at 3.310 eV and 3.230 eV are assigned to free exciton phonon replicas, FX-1LO and FX-2LO, respectively. 25 Figure 4(b) shows a comparison of PL spectrum of ZnO nanowires grown on graphene/SiO 2 /Si and SiO 2 /Si substrates at low temperature (10 K). The PL spectrum from the nanowires grown on graphene is dominated by FX and D 0 X emissions. Similar findings have been reported before in coated or decorated ZnO nanowires. 26 27 On the other hand, the PL spectrum from the nanowires grown on the substrate without graphene is dominated by D 0 X only. 24 PL intensity was also enhanced by a factor of two from the nanowires that were grown on the graphene as compared to the nanowires grown without graphene. These features clearly reveal that high quality ZnO nanowires were grown on graphene substrates.
CONCLUSION
The c-axis, graphene substrate grown ZnO nanowires are highly crystalline and have high optical quality. Due to the small thickness and large aspect ratio of the nanowires, the flexibility and toughness of the nanowires are extremely high. As a result, the material was able to be bent into belt-shapes. The well-resolved higher energy free excitonic emission observed at 3.375 eV, indicate high crystalline quality in ZnO nanowires grown on graphene. 
